Abstract. We hypothesized that aliskiren provides renoprotection in diabetic animals that did not receive sufficient renoprotection by AT 1 -receptor antagonist treatment. Type 2 diabetic KKAy mice were treated with group 1: vehicle or group 2: valsartan (15 mg/kg per day) from 12 to 16 weeks of age. The mice were subsequently divided into 4 groups and treated with the following combinations of drugs for another 6 weeks: 1: group 1 kept receiving vehicle, 2: group 2 continuously received 15 mg/kg per day of valsartan (Val-Val15), 3: group 2 received 50 mg/kg per day of valsartan (Val-Val50), 4: group 2 continuously received 15 mg/kg per day of valsartan with 25 mg/kg per day of aliskiren (Val-Val+Ali). Aliskiren exerted significant anti-albuminuric effects, whereas valsartan failed to ameliorate the albuminuria in the first four weeks. Surprisingly, the increasing dosage of valsartan in the Val-Val50 group showed non-significant tendencies to attenuate the albuminuria compared with vehicle infusion. Val-Val+Ali significantly suppressed the development of albuminuria and podocyte injury. Val-Val50 and Val-Val+Ali showed similar suppression of angiotensin II contents in the kidney of KKAy mice. In conclusion, the anti-albuminuric effect that was observed in the type 2 diabetic mice showing no anti-albuminuric effect by valsartan can be attributed to the add-on aliskiren.
Introduction
Diabetic nephropathy, one of the main complications of diabetes, develops in a time-dependent manner, and the number of patients requiring dialysis or transplantation is steadily increasing. Increases in urinary excretion of albumin and total protein occur during the development of diabetic nephropathy (1 -4) . Both basic and clinical studies have demonstrated that treatment with renin-angiotensin system (RAS) inhibitors delays the development and progression of albuminuria (5 -9) . However, significant numbers of patients are resistant to treatments for reduction of albuminuria with AT 1 -receptor antagonists or angiotensin-converting enzyme (ACE) inhibitors. A recent clinical trial, named the Aliskiren in the Evaluation of Proteinuria in Diabetes (AVOID) study, reported that treatment with aliskiren, a renin inhibitor, in addition to losartan (100 mg daily, a maximal recommended renoprotective dosage in clinical medicine) prevented the decrease in the estimated glomerular filtration rate and increased the number of type 2 diabetic hypertensive patients with overt albuminuria who showed 50% albuminuria reduction during the 6-month observation period (10) , thereby demonstrating the renoprotective benefit of aliskiren treatment in patients already receiving RAS inhibitors. On the other hand, the blood pressure of patients receiving placebo instead of aliskiren in the AVOID study was kept under control by the original dose of losartan or by adding a non-RAS-blocking anti-hypertensive drug. Thus, it is still premature to conclude that losartan monotherapy perfectly blocks RAS in the kidney of patients. Therefore, it remains un-known whether aliskiren exerted its RAS-inhibiting effect to compensate for insufficient RAS inhibition by AT 1 -receptor antagonist monotherapy or whether aliskiren had a totally different mechanism of renoprotection from its RAS-blocking effect. Regarding this issue, there will be clinical cases that require a decision for whether to 1) increase the dosage of the currently administered AT 1 antagonist or 2) additionally treat with aliskiren together with the currently administered AT 1 antagonist to protect the kidney of type 2 diabetic patients. However, no studies have compared the efficacy of these two treatments to clarify this issue.
The present study was conducted to compare the efficacy of increasing the dosage of valsartan, an AT 1 -receptor antagonist, with that of add-on treatment with aliskiren in type 2 diabetic KKAy mice with overt albuminuria that had been treated with an "insufficient" dosage of valsartan. We report that additional treatment with aliskiren elicited a stronger renoprotective effect than increasing the dosage of valsartan even with dosages that similarly suppressed the renal angiotensin II (AngII) level.
Materials and Methods

Animals and experimental design
All experimental procedures were performed according to the guidelines for the care and use of animals established by Kagawa University. Twelve-week-old male KKAy and C57BL/6J mice (C57BL) were purchased from CLEA Japan (Tokyo). Our preliminary experiments as well as reports from the other groups (11, 12) have shown that KKAy mice at this age do not show any increase in serum creatinine levels (C57BL vs. KKAy: 0.12 ± 0.01 vs. 0.10 ± 0.01 mg/dL, n = 6). In the first set of experiments, KKAy mice were randomly divided into two experimental groups as follows: 1) group 1 was the vehicle group (n = 10), and 2) group 2 was the valsartantreated group (15 mg/kg per day, p.o., n = 30). At 4 weeks after starting the first experiment, the mice were divided into four groups and treated for a further 6 weeks as follows: 1) group 1 mice in the first phase receiving vehicle (vehicle, n = 10), 2) group 2 mice in the first phase receiving 15 mg/kg per day of valsartan (ValVal15, n = 10), 3) group 2 mice in the first phase receiving an increased dosage of valsartan (50 mg/kg per day; Val-Val50, n = 10), and 4) group 2 mice in the first phase receiving add-on treatment with aliskiren (25 mg/kg per day; Val-Val+Ali, n = 10). C57BL mice were used as non-diabetic controls (n = 10). Another set of KKAy mice were treated as follows: 1) aliskiren treatment (25 mg/kg per day) for 10 weeks (Ali-mono, n = 8), and 2) aliskiren treatment (25 mg/kg per day) for 10 weeks and valsartan (15 mg/kg per day) added from week 4 (AliAli+Val, n = 8). The mice were anesthetized with sodium pentobarbital (50 mg/kg, i.p.), and osmotic minipumps (Models 1002 and 1004; ALZET, Cupertino, CA, USA) were implanted subcutaneously at the dorsum of the neck to infuse vehicle or aliskiren. The osmotic minipumps were replaced at weeks 4 and 8.
Systolic blood pressure (SBP) was measured in conscious mice by tail-cuff plethysmography (BP-98A; Softron, Tokyo) and 24-h urine samples were collected at weeks 0, 2, 4, 6, 8, and 10. Postprandial blood glucose was measured with a glucometer (Sanwa-Kagaku, Nagoya) at weeks 0, 2, 4, 6, 8, and 10. All animals underwent a 12-h acclimatization period in metabolic cages prior to urine collection. Blood and kidney samples were harvested at week 10. Half of the kidney was dissected immediately after blood collection and snap-frozen in liquid nitrogen for measurement of the renal AngII content. Kidney sections were fixed in 10% formalin (pH 7.4) for histological examination or frozen in Tissue-Tek OCT compound (Sakura Finetech, Tokyo) for senescence-associated β-galactosidase (SABG) staining.
Immunohistochemistry for desmin
Immunohistochemistry for desmin was performed using a Histofine Simple Stain MAX-PO MULTI (Nichirei Biosciences, Tokyo) as previously described (13, 14) . Deparaffinized sections were incubated with 0.1% hydrogen peroxide in methanol for 10 min to block endogenous enzymes. After blocking, the sections were incubated with the primary antibody overnight at 4°C. Bound antibodies were visualized using the substrate DAB (DakoCytomation, Glostrup, Denmark). Counterstaining was performed with hematoxylin (DakoCytomation). Sections incubated without the primary antibody were used as controls. The antibody-positive areas were calculated from 20 randomly selected microscopic fields (× 200) in each section. The histological analysis was evaluated using a color image analysis system (Image J) in a blind manner.
SABG staining
Kidney cryosections (16 μm) were washed with PBS and fixed with 0.5% glutaraldehyde for 15 min. The sections were then immersed in β-galactose staining solution (pH 6.0) containing 1 mg/mL 5-bromo-4-chloro-3-indolyl β-D-galactopyranoside, 5 mM potassium ferrocyanide, 150 mM NaCl, 2 mM MgCl 2 , 0.01% sodium deoxycholate, and 0.02% Nonidet-40 for 12 h at 37°C (15, 16) .
Real-time RT-PCR
The p21, renin, and β-actin mRNA expression levels were analyzed by real-time PCR using a LightCycler FastStart DNA Master SYBR Green I Kit (Applied Biosystems, Foster City, CA, USA) as previously described (17) . The primer sequences for p21, rennin, and β-actin were as follows: p21 forward, 5′-TCCTATAC CGGAGGAACAGTCCTA-3′ and reverse, 5′-AAGGA ACCAGGCAGGGAATG-3′; renin forward, 5′-AGG TAGCGACCCGCAGCATTATC-3′ and reverse, 5′-ACCCCCTTCATCGTGATCTGCCA-3′; and β-actin forward, 5′-CCCGCGAGCACAGCTTCTTTG-3′ and reverse, 5′-ACATGCCGGAGCCGTTGTCGAC-3′. All data were expressed as relative differences to vehicleinfused rats after normalization for β-actin expression.
Other analytical procedures Urinary albumin excretion was determined using a commercially available ELISA kit (Shibayagi, Shibukawa). The urinary creatinine concentration was measured using an assay kit (Creatinine-test; Wako Co., Tokyo). The AngII level in the kidney was measured using a radioimmunoassay as described (18) .
Statistical analysis
Data are expressed as means ± S.E.M. The statistical significance of differences was assessed by analysis of variance, followed by the Tukey-Kramer test. Values of P < 0.05 were considered to indicate statistical significance.
Results
Vehicle-treated KKAy mice showed higher SBP at weeks 4 and 10 than C57BL mice (Table 1 ). Valsartan at 15 mg/kg per day for the first 4 weeks did not affect SBP in KKAy mice. Val-Val15 also did not affect the increased SBP. Val-Val50 significantly reduced SBP at week 10. Val-Val+Ali caused a remarkable reduction in SBP in KKAy mice. Significant anti-hypertensive effects were also observed in Ali-mono, the group that received only aliskiren (25 mg/kg per day) during the whole experimental period (92 ± 5 mmHg), and Ali-Ali+Val, the group that received aliskiren during the whole experimental period and add-on valsartan (15 mg/kg per day) from week 4 (94 ± 3 mmHg).
KKAy mice at baseline showed significantly greater body weight (BW) than C57BL. Neither Val-Val15, ValVal50, nor Val-Val+Ali showed changes in BW throughout the experimental period. Ali-mono and Ali-Ali+Val showed significantly smaller BW than the vehicle group both at week 4 (42.7 ± 2.1 and 42.5 ± 1.1 g, respectively) and 10 (44.2 ± 2.1 and 45.7 ± 1.1 g, respectively).
Vehicle-treated KKAy mice showed significantly higher postprandial blood glucose levels at weeks 4 and 10 than C57/BL mice ( Table 1) . Neither Val-Val15 nor Val-Val50 affected the postprandial blood glucose. In contrast, Val-Val+Ali significantly decreased the postprandial blood glucose at week 10 in KKAy mice. Antihyperglycemic effects were also observed in Ali-mono (189 ± 48 mg/dL) and Ali-Ali+Val (225 ± 50 mg/dL).
Vehicle-treated KKAy mice showed a significant increase in renal AngII compared with C57BL mice (Fig.  1) . The elevated renal AngII was significantly inhibited in all treatment groups, including Ali-mono (198 ± 29 fmol/g) and Ali-Ali+Val (200 ± 24 fmol/g), with no significant difference among the treatment groups. On the other hand, Val-Val+Ali, Ali-mono (2.56 ± 0.26-fold), and Ali-Ali+Val (3.22 ± 0.33-fold) showed significant increases in renal renin mRNA expression compared with the vehicle-treated group (Table 1) . Val-Val15 and Val-Val50 tended to increase renal renin mRNA expression, but the differences were not significant.
Vehicle-treated KKAy mice showed age-dependent increases in the urinary albumin/creatinine ratio (UACR) and their values were significantly higher than those of C57BL mice throughout the experimental period (Fig.  2) . Val-Val15 and Val-Val50 both failed to attenuate albuminuria in KKAy mice. In contrast, Val-Val+Ali elicited a significant decrease in the UACR in KKAy mice. Similar significant anti-albuminuric effects were observed in Ali-mono and Ali-Ali+Val.
Since aliskiren strongly suppressed albuminuria in KKAy mice, we evaluated the glomerular podocyte damage by analyzing desmin immunostaining (19) . At week 10, the desmin-positive areas were markedly greater in vehicle-treated KKAy mice than in C57BL mice (Fig. 3) . Val-Val15 did not show any changes in the desminpositive area. The increased desmin-positive area was significantly attenuated in Val-Val50 and normalized in Val-Val+Ali. Significant attenuations were observed in Ali-mono (1.01 ± 0.07-fold) and Ali-Ali+Val (0.72 ± 0.10-fold).
The kidney in type 2 diabetic patients has been reported to show accumulation of senescent cells (20) . Therefore, we assessed the renal senescence status by SABG staining and expression of p21, a cyclin-dependent kinase inhibitor that regulates the cell cycle transition from G1 to S phase. The SABG-positive areas were significantly greater in kidney sections from vehicle-treated KKAy mice than in those from C57BL mice (Fig. 4, top) . ValVal15 did not affect the staining in KKAy mice (data not shown). Val-Val50 showed a comparable reduction in the SABG-positive area to the vehicle group. ValVal+Ali abolished the increase in the SABG-positive area. The p21 mRNA expression level was significantly increased in the kidney of vehicle-treated KKAy mice (Fig. 4, bottom) . The increase in p21 mRNA expression was not significantly inhibited in Val-Val15 and ValVal50. Val-Val+Ali normalized the p21 mRNA expression in the kidney. Furthermore, Ali-mono and AliAli+Val significantly reduced the p21 mRNA expression levels in the kidney (1.15 ± 0.45-fold and 0.89 ± 0.11-fold, respectively).
Discussion
Although RAS inhibitors, such as ACE inhibitors and AT 1 -receptor antagonists, delay the onset and progression of albuminuria in diabetic patients (9), many patients still suffer from a decline in renal function even with ACE inhibitor / AT 1 -receptor antagonist treatment. Thus, there is no doubt that identification of new possible therapeutic tools in addition to ACE inhibitors / AT 1 -receptor antagonists is required. In the present study, we have demonstrated that additional treatment with aliskiren in mice that had already received AT 1 -receptor antagonist treatment induced a significant anti-albuminuric effect, which was accompanied by podocyte-protective and anti-senescence effects. Importantly, even single treatment with aliskiren showed strong renoprotective effect, whereas a simple increase in the dosage of valsartan showed no anti-albuminuric effects in KKAy mice. Therefore, the present results suggest that treatment with aliskiren will be a possible therapeutic choice for type 2 diabetic kidney disease patients who cannot get effective renoprotection using an AT 1 -receptor antagonist.
Our study supports the findings in clinical trials showing the additional effect of aliskiren on RAS-inhibitor treatment in type 2 diabetic hypertensive patients (10, 21) . One question that has arisen from these clinical studies is whether the RAS inhibitor dosage, such as 100 mg/ day of losartan in the AVOID study, was sufficient for RAS suppression. In other words, it is unclear whether the benefit induced by aliskiren was dependent on more strict RAS inhibition compared with monotherapy or other unknown pharmacological effects of aliskiren. Several studies have shown that a combination of RAS inhibitors or an increase in the RAS inhibitor dosage, which are expected to suppress RAS more effectively, induces better therapeutic renal outcomes (22 -24) . In fact, clinical studies have shown that additional treatment with aliskiren for treatment with 80 or 160 mg of valsartan showed more efficient suppression of RAS (plasma renin activity, plasma AngI and II levels, and urinary aldosterone excretion) than increasing the dosage of valsartan to 160 or 320 mg (25, 26) . Animal studies capable of using greater dosages to inhibit RAS more strictly have revealed that olmesartan dose-dependently (10 -100 mg/kg per day) ameliorated the renal injury in aldosterone-salt hypertensive rats (27) and that aliskiren treatment in addition to valsartan protected the kidney in a unilateral ureteral obstruction model (valsartan: 15 mg/ kg per day, aliskiren: 10 mg/kg per day) (28) and type 2 diabetic db/db mice (valsartan: 5 or 10 mg/kg per day, aliskiren: 3 mg/kg per day) (29) . However, no studies have compared the efficacy between the combination therapy with aliskiren and a mild dosage of AT 1 -receptor antagonist and monotherapy with high dosage of AT 1 -receptor antagonist on the kidney injury in type 2 diabetic animals. We unexpectedly found that the KKAy mice were somehow resistant to the anti-albuminuric effect of valsartan in the present study. In addition, the present study has shown that aliskiren treatment either with or without valsartan treatment elicited strong renoprotection in the KKAy mice. Although aliskiren combination therapy and a high dosage of valsartan showed similar renal AngII reductions, the reflexive increase in renin mRNA was greater in the aliskiren group than in the valsartan group. As we did not measure any angiotensin peptides other than AngII in this study, further studies are required to clarify whether the greater renoprotection by the combination therapy was attributable to the renin inhibition-independent pharmacology of aliskiren or changes in RAS induced by aliskiren that were not reflected in the renal AngII level.
Aliskiren in addition to valsartan suppressed the increases in p21 expression and SABG staining in the kidney of KKAy mice, indicating suppression of renal cell senescence in the diabetic kidney (20) . Renal cell senescence, a stress-induced response, is defined as a termination of cell mitosis (30) . Our SABG staining revealed that the tubular cells were senescent, although it was difficult to identify which segments in the nephron showed cell senescence because there was a limitation associated with the counterstaining of renal sections for SABG, in that the organic solvents used during hematoxylin staining flushed out the blue indigo derivatives of SABG staining. A previous study showed that the proximal tubules were stained most strongly for SABG in the diabetic kidney (20) , and we previously reported that there was strong SABG staining in the proximal tubules of hypertensive animals (15) , suggesting that, at least, the proximal tubules could show cell senescence in vivo. Functional changes in the senescent proximal tubules have not been apparent, and they may not be involved in the albumin retrieval ability at proximal tubules in KKAy mice, since either valsartan (high dose) or aliskiren attenuated the accumulation of SABG-positive senescent cells in the kidney but only aliskiren-based treatment suppressed the albuminuria. Although the expression of p21 was only significantly suppressed in the aliskirentreated group, it is hard to speculate on whether the effect on p21 expression could induce the difference in albuminuria between the valsartan-treated and aliskirentreated mice because the aliskiren treatment did not significantly suppress p21 expression compared with the high dosage of valsartan. Aliskiren suppressed the blood glucose level, but this effect is also unlikely to result from the anti-senescence effect for the same reason described above.
It was reported that the renal collecting duct expresses renin and that the expression was augmented in the diabetic kidney (31) . Either aliskiren or valsartan administered orally is mainly excreted in the feces, with only 6% of orally administered aliskiren recovered in the urine (32) and only 20% of valsartan is excreted in the urine even when it is intravenously administered (33, 34) . Therefore, it remains unclear whether the amount of aliskiren that can reach the renal collecting duct is sufficient to inhibit the renin in the renal collecting duct and induce the difference in pharmacology between these two drugs. Measurement of the renin activity in the renal collecting duct, which has already been performed in situ (35) , in these animals is required to clarify this point.
The reason why valsartan, even at a dosage that can suppress the renal AngII level, did not attenuate the albuminuria in KKAy mice is not clear in the present study. Although the high dosage of valsartan lowered the blood pressure and attenuated the podocyte injury, the increase in urinary albumin excretion could have occurred by either an increase in albumin permeability from the glomerular filtration barrier or a reduction in albumin uptake in proximal tubules (36 -38) . Thus, the result that valsartan did not affect albuminuria may be caused by damage to the other glomerular filtration barrier components, such as the endothelium (39) or glomerular basement membrane (40) , or a reduction in albumin uptake in the proximal tubules. Another possibility is that the albuminuria at baseline (approximately 1 mg/mg of the UACR) in KKAy mice might already have been at an irreversible level for treatment with valsartan, in comparison with studies that have demonstrated beneficial effects of valsartan on the development of albuminuria (29, 41, 42) . In any case, from our results it cannot be simply interpreted that treatment with a low dose of AT 1 antagonist does not protect the kidney in type 2 diabetes because several studies have shown that AT 1 -receptor antagonists prevented the development of albuminuria in other models of type 2 diabetes (19, 29, 41 -44) , although there are no reports on KKAy mice.
Aliskiren treatment, in either the group starting the treatment at week 4 or the group treated from week 0, suppressed the postprandial blood glucose level at week 10 of treatment. The mechanisms by which aliskiren showed its blood sugar-lowering effects are unclear in the present study. We checked that this dosage of aliskiren did not affect food intake in a preliminary experiment (data not shown). Aliskiren treatment started at week 0 showed smaller BW compared with the other treatments; however, aliskiren treatment started at week 4 did not affect BW at week 10. A previous study reported that aliskiren alleviated insulin resistance and increased the pancreatic β cell number in KKAy mice (45) . Thus, the blood glucose reduction in the present study might have resulted from improvements in insulin resistance and pancreatic function. We cannot eliminate the possibility that the decreases in blood glucose improved the development of albuminuria in the present study.
More recently, the interim review of the data from the recent clinical trial (Aliskiren Trial in Type 2 Diabetes Using Cardio-Renal Endpoints: ALTITUDE) suggested no benefit (and more side effects) of add-on aliskiren in type 2 diabetic patients treated with an ACE inhibitor or an AT 1 -receptor antagonist. Since no detailed information has been reported yet, we cannot provide precise explanations for why the results of the present study are different from the ALTITUDE study except for the baseline renal function: more than two-thirds of the patients had estimated glomerular filtration rate (eGFR) below 60 mL/min per 1.73 m 2 in the ALTITUDE study (46) , but the eGFR of patients in the AVOID study were within the normal range (10), and there was no difference in the serum creatinine level between non-diabetic control C57BL and diabetic KKAy mice at the age used in our study. More detailed analyses of the ALTITUDE study may suggest possible explanations.
In conclusion, treatment with aliskiren in addition to valsartan induced a stronger anti-albuminuric effect than an increased dosage of valsartan in type 2 diabetic KKAy mice. Although the detailed mechanism by which aliskiren elicits the additional renoprotective effect has not been elucidated, the strong effect may be a useful therapeutic tool against type 2 diabetic nephropathy, especially in the subjects who are resistant to AT 1 -receptor antagonist therapy.
